Several methods exist for the detection and quantitation of RNA, including Northern analysis, in situ hybridization, solution hybridization/RNase protection, dot blot and reverse transcriptase polymerase chain reaction (RT-PCR), and each has unique advantages. The solution-hybridization/RNase-protection assay is a highly sensitive and reproducible method of quantitating levels of specific mRNA transcripts. Its sensitivity offers the advantage of detecting low message levels and permits the use of relatively small amounts of starting tissue. Using the trichloroacetic (TCA) precipitation protocol described here, levels of mRNA lower than 1 pg can be accurately quantitated, allowing for the quantitation of mRNA at levels not detected by other means (9, 12) .
The solution-hybridization/RNaseprotection assay uses a radiolabeled, antisense probe complementary to the RNA transcript to be measured. Total RNA isolated from tissues or cells is hybridized to excess radiolabeled probe, and the solution is treated with ribonucleases specific for singlestranded RNA, leaving double-stranded hybrids intact.
Following RNase digestion, the most widely used protocol for measurement of protected hybrids involves gel electrophoresis followed by autoradiography and densitometry. An alternative method has been described in which hybrids are precipitated with TCA, filtered and analyzed by scintillation counting (1, 3, 4, 6, 7) . The TCA precipitation method has several advantages. The protocol involves fewer steps and requires significantly less time to perform. A simplification of the experimental procedures reduces the number of steps in which human errors may be introduced. Finally, the ability to assay 100-300 samples in a single assay offers an advantage over gel electrophoresis, which is limited by the number of available wells in the gel; commercially available apparatuses are commonly limited to 40-60 samples.
We conducted studies to compare the TCA precipitation method to the more widely used electrophoresis and autoradiography technique. Solutionhybridization/RNase-protection assays were analyzed in parallel by autoradiography with densitometry assessment and by TCA precipitation with scintillation counting. We also directly analyzed the agarose gels after autoradiography by excising bands from the gels for scintillation counting.
Solution-hybridization/RNase-protection assays were carried out using probes for preproenkephalin (ppEnk) and proopiomelanocortin (POMC) mRNA. We measured ppEnk mRNA in total RNA samples isolated from the guinea pig caudate putamen, and we used the rat POMC probe to measure POMC mRNA from total RNA isolated from the rat anterior pituitary. All transcription templates were cloned in both sense and antisense orientations into the pSP64 or pSP65 plasmid vector (Promega, Madison, WI, USA). These vectors have the SP6 RNA transcription promoter located immediately 5 ′ to a multiple cloning site. The same promoter was used for transcription of both the antisense RNA riboprobes and sense transcript RNA that was used to construct the standard curves. The guinea pig ppEnk template was a 680-bp fragment from the coding region of the gene (8) , and the rat POMC template was a 760-bp fragment from the cDNA (a generous gift of Dr. J. Roberts, Mount Sinai Medical Center). Plasmid DNA was isolated using alkaline lysis and centrifugation in cesium chloride, ethidium bromide equilibrium gradients (10) . Transcription templates were prepared by digestion of plasmid DNA using Hin dIII for ppEnk and BamHI for POMC, cleaving 3 ′ with respect to the cloned fragment and leaving a 5 ′ overhang to prevent snap-back priming. Templates were then treated for 15 min at 37°C with 100 µ g/mL proteinase K in the presence of 0.5% sodium dodecyl sulfate (SDS) to inactivate any ribonucleases present, followed by phenol extraction and ethanol precipitation.
The radiolabeled probe was synthe - (11) . After a 1 h incubation at 37°C, 10 µ g of tRNA (Type XX; Sigma Chemical, St. Louis, MO, USA) were added to aid RNA precipitation, and the plasmid was digested with 1 U of RNase-free DNase I (Promega) for an additional 15 min at 37°C. The reaction product was diluted in 1 mL TSE buffer (50 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, pH 7.5) and phenol-extracted. One volume of 100% ethanol was added to the aqueous phase to bring the solution to 50% ethanol. Single-stranded RNA was then purified by cellulose chromatography (5). One hundred thirty grams of CF11 cellulose (Whatman, Clifton, NJ, USA) were added to 1 L 0.1 M NaOH, washed 10 times with 1 L distilled (d)H 2 O and stored in 1 L 2 mM EDTA at room temperature. A Poly-Prep ® column (Bio-Rad, Hercules, CA, USA) was cast with a 0.2-mL bed of CF11, and the following washes were carried out: (i) 1 mL 50% ethanol, (ii) 1 mL TSE, (iii) 1 mL 50% ethanol, (iv) 8 mL dH 2 O and (v) 3 mL 50% ethanol. Following the final 50% ethanol wash, the RNA sample was loaded onto the column, and the flow-through was collected. The column was washed with 3 mL 35% ethanol, and RNA was subsequently eluted with 3 × 0.9-mL aliquots of 22% ethanol and 3 × 0.9-mL aliquots of dH 2 O. All ethanol solutions were prepared with TSE and degassed in a vacuum chamber before application to the column. The purification process was monitored by spotting 10-µ L samples from each step (input, flowthrough, wash and each eluate) onto cellulose filter paper circles (Whatman), adding 4 mL liquid scintillation cocktail and measuring counts per Twenty micrograms of tRNA were added to the first 22% ethanol eluate, which contained the majority of the labeled probe. The sample was ethanolprecipitated, collected by centrifugation and resuspended in 100 µ L dH 2 O. One microliter of the resuspension was spotted on filter paper and counted. The radiolabeled probe was stored at -80°C and used for solution hybridization either immediately or within 24 h to minimize radiolysis of the 32 P probe.
Sense-strand RNA transcripts complementary to the radiolabeled RNA probe were used to generate a standard curve. Concentration of the sense transcripts was determined by absorbance at 260 nm. The standards were then diluted to final concentrations ranging from 0-40 pg per 10 µ L in water containing 1 mg/mL tRNA. Ten microliters of each standard were assayed in duplicate for both gel electrophoresis and TCA precipitation for each experiment. Total RNA was isolated from guinea pig or rat tissues by the technique of Chomczynski and Sacchi (2) . Ten micrograms tRNA were added to each sample. Unknown samples were assayed in triplicate or quadruplicate for both electrophoresis and TCA precipitation.
Each assay reaction consisted of 10 µ L RNA (either standard or sample), 5 µ L radiolabeled probe diluted in water to a concentration of 30 000 cpm/ µ L and 15 µ L 2 × TESS (20 mM Tris-HCl, 20 mM EDTA, pH 7.5, 0.6 M NaCl, 1% SDS). The RNA, probe and 2 ×TESS were combined in microcentrifuge tubes and mixed gently by flicking. Two drops of mineral oil were added, and the contents were collected to the bottom of the tubes by briefly spinning in a microcentrifuge. All assay reactions were incubated at 75°C for 17 h.
Single-stranded RNA was digested by adding 250 µ L of a solution containing 50 µ g/mL RNase A (Type RAF; Worthington Biochemical, Freehold, NJ, USA) and 200 U/mL RNase T1 (Worthington Biochemical) in digestion buffer (0.3 M NaCl, 5 mM EDTA, 10 mM Tris-HCl, pH 7.5). The tubes were briefly vortex mixed and incubated at 32°C for 1 h. The samples were then used for either gel electrophoresis or TCA precipitation.
For TCA precipitation, 1 mL of freshly prepared 0.75% sodium pyrophosphate in 5% TCA was added to each reaction along with 50 µ L of 0.5% bovine serum albumin (BSA) (Fraction V; Sigma Chemical) after RNase treatment. All tubes were vortex mixed, and the precipitated RNA was collected onto glass microfiber filter (Grade 934AH) paper using a cell harvester (both from Brandel Scientific, Gaithersburg, MD, USA). The filters were rinsed with 5% TCA, and the filter was dried for 15 min under a heat lamp. Filter circles were placed into scintillation vials, 4 mL of liquid scintillation cocktail were added and the samples were measured for radioactivity in a scintillation counter. For gel electrophoresis, 40 µ L 10% SDS and 10 µ L proteinase K (10 mg/ mL) were added to each reaction and incubated at 37°C for 15 min to inactivate the ribonucleases after RNase treatment. All samples were then extracted with 0.4 mL 50% phenol-50% chloroform. Traces of phenol were removed with an additional chloroform extraction. Ten micrograms tRNA were added to each tube, and the RNA was precipitated with ethanol, air-dried for 25 min and resuspended in 4 µ L dH 2 O. The samples were prepared for electrophoresis and run on a 1.7% agarose gel as previously described (10) with the following exceptions: (i) 0.5 × MOPS buffer (0.02 morpholinopropanesulfonic acid, pH 7.0, 5 mM sodium acetate, 0.5 mM EDTA) was used for the gel, and (ii) the samples were denatured for electrophoresis by heating for 2 min at 100°C, 20 min at 68°C and an additional 2 min at 100°C. This rigorous treatment was necessary to completely denature the long, perfectly complementary double-stranded RNA hybrids. After electrophoresis, the gel was dried at 80°C under a vacuum for 90 min and then exposed to XAR-5 film (Scientific Imaging Systems [Eastman Kodak], New Haven, CT, USA) for 8 h to overnight.
Densitometric analysis was carried out with a Micro Computer Imaging Device (Imaging Research, Ontario, Canada). The relative optical density (ROD) was determined in areas of identical size containing the fragment to be measured. For the zero values of the standard curve (background level), the ROD was measured in an identical area corresponding to the band position in lanes that contained reactions with no sense transcript. A standard curve was constructed by linear regression, plotting ROD values against known quantities of RNA (0-40 pg). In addition to the single band of the protected hybrid, electrophoresis often revealed smears under the major hybridized species. Since TCA precipitation would include these species, the smears on the autoradiograms beneath the major hybridized species were also analyzed and values obtained were added to values acquired for the major hybridized species to generate data for the whole lane.
For excision and direct counting of gels, an autoradiographic film was used as a template to align the agarose gel. Bands of identical area were cut from each lane containing both standards and samples, and the gel fragments were analyzed by scintillation counting in liquid-scintillation cocktail. The major hybridized species and the adjacent regions under each band were excised and analyzed separately, and values were combined to generate data for the whole lane. A standard curve was constructed by linear regression plotting cpm values against known quantities of RNA (0-40 pg). Figure 1 displays representative standard curves acquired for the ppEnk probe for each method used. Pearson's correlation coefficients of nearly one for each standard curve indicate linearity over a wide range of RNA-calibration standards. The standard curves were used to quantitate picogram values of RNA in each tissue sample, and Figure  2A shows the resulting mean values for determinations of ppEnk mRNA. Figure 2B displays the mean values of determinations of POMC transcripts from the rat anterior pituitary. Differences among data generated from each method for each probe were analyzed by one-way analysis of variance (ANOVA) followed by Newman-Keuls post hoc tests of significance. No significant differences were found among methods using the ppEnk probe, and only one significant difference was found between the data from densitometry of the major hybridized species and gel excision of the entire lanes for the POMC probe. Since the method requires exacting precision, this difference may be 200BioTechniques Benchmark s due to human error during excision of the hybridized species from the gel. To evaluate whether or not this significant difference was consistent across experiments, we performed a two-way ANO-VA comparing methods by probes for the ppEnk and POMC studies. This analysis showed no significant differences among methods.
Gel electrophoresis and autoradiographic analyses are useful techniques to determine the size of selected transcripts, which can vary because of alternative splicing, transcription start sites or endonucleolytic cleavage. It is important to analyze the products of RNase protection using electrophoresis to confirm the size of the bands before the use of TCA precipitation to measure incorporated radioactivity in hybrids. The TCA precipitation method, however, has several advantages over electrophoresis, autoradiograhy and densitometry. TCA precipitation can be carried out on 100-300 samples per assay, whereas the number of samples that can be assayed by electrophoresis is limited to the number of available wells in the gel, usually 40-60 wells, and also the number of gels that can be run simultaneously. Additionally, the protocol for TCA precipitation requires considerably fewer steps, thereby allowing one to complete the analysis in as little as one-tenth the time required to run a gel, expose a film and conduct densitometric analysis or excision and counting analysis.
Simplifying the experimental procedure significantly reduces the number of steps in which human errors may be introduced. Densitometric analysis and gel excision require consistency in the definition and selection of bands. If excision is not performed with precision, errors can also be introduced while cutting the gel. Thus, densitometric analysis and gel excision are both techniques in which the consistency of the data depends upon individual judgments as well as performance. On the other hand, TCA analysis consists of a simple protocol that minimizes human error.
We were able to demonstrate in these studies that the various methods of gel electrophoresis and autoradiography, direct gel excision and TCA precipita - 
B

A
Benchmark s tion yielded comparable results in solution-hybridization/RNase-protection assays. This validation of the methods, along with the benefits associated with TCA analysis, will allow investigators to use the TCA precipitation method for mRNA quantitation. TCA precipitation is particularly useful in biological and neurobiological studies of gene regulation in which one is interested in investigating small regions of tissue, such as specific regions of the brain.
